Epidermolysis bullosa (EB) is a congenital, refractory skin disease and there are no fundamental treatments. Recently, allogenic cell therapies are beginning to be applied as potential treatments, that are based on the concept that the allogenic cells can migrate into the skin and reconstitute the skin components. Although the mechanisms of cell migration into skin are not fully understood, chemokines are regarded as key factors in recruiting bone marrow-derived cells.
Introduction
Epidermolysis bullosa (EB) is a group of genetic dermatoses that are caused by the absence or structural abnormality of proteins in the dermo-epidermal junction (DEJ). Insufficiency of the proteins leads to skin fragility and blisters or erosions by mechanical stimulation. At present, there are no fundamental treatments other than symptomatic management.
Recently, allogenic cell therapies, such as hematopoietic stem cell (HSC) transplantation and mesenchymal stromal cell (MSC) infusion have gained attention as possible treatments [1, 2] . These are based on the concept that these donor-derived cells could migrate into the skin, reconstitute the skin components, and lead to the restoration of normal DEJ proteins [3] [4] [5] . The frequency of donor-derived cells in the epidermis varies depending on the underlying skin condition. In one study, bone marrow (BM)-derived keratinocytes were present as 0.025% ± 0.009% of all keratinocytes and comprised approximately 0.1% of the basal cells of re-epithelized skin in healthy mice [3] . In contrast, 1.08% ± 0.39% of the basal cells were found to be derived from the BM in non-Herlitz junctional EB (JEB) model mice [5] . In humans, skin chimerism was reported in up to 93% of HSC-transplanted EB patients, however, many of these donor-derived cells are considered to be inflammatory leukocytes [6] . These facts suggest that injured skin, especially EB skin tissue, expresses some factors that partly circulate in the peripheral blood, and they play a role in recruiting 7 7 BM-derived cells such as MSCs or HSCs to the affected skin.
To date, several chemokines are considered to play a role in the migration of BM-derived cells to the skin. CCL21/secondary lymphoid-tissue chemokine (SLC) and CCL27/cutaneous T-cell-attracting chemokine (CTACK) are reported to have a strong relation with the migration of BM-derived cells to wounded skin and refurbish the damaged skin in mice experiments [3, 4] . CXCL12/ stromal cell-derived factor-1 (SDF-1) was reported to be elevated at the damaged skin, and to contribute to wound-healing through the recruitment of BM-derived MSCs in mouse models [7] [8] [9] . In addition, high-mobility group box 1 (HMGB1) was suggested as playing a role in the migration of BM-derived cells into the bloodstream in mouse models [10] . It was also reported that serum HMGB1 levels are elevated in recessive dystrophic epidermolysis bullosa (RDEB) patients and correlate with the disease severity [10, 11] . However, there have been no investigations into injury-associated chemokines in EB patients, other than investigations into HMGB1.
In this study, we examined these chemokine expressions of EB patients that could be related to the wound-healing process. We also analyzed the expressions of CCL28 and CCL19, which bind to the receptors of CCL27 and CCL21, respectively. Elucidating the chemokine profiles in EB patients could help to clarify the mechanism of BM cell migration into the skin, which could contribute to efficient cell therapies. 8 8 
Materials and Methods

Patients and controls
This study was performed following approval from the human research ethics committee of Hokkaido University Hospital (approval number: 011-0089), and all informed consent was obtained from all participants. Table A1 ). The diagnosis of EB was made by certified dermatologists according to the international criteria, which were recommended by Fine JD, et al [12] . We also assembled the following clinical information on the patients: sex, age and affected body surface area (BSA) (%). The affected area was defined as including erythema, erosions, ulcers and scars. Serum samples from 39 healthy volunteers without any dermatological disorders were also collected as controls.
Serum samples of 45 EB patients were collected from multiple Japanese hospitals and institutions (Supplementary
Frozen skin specimens of 19 EB patients that had been collected in our department from 2000 to 2009 were investigated. The skin specimens were taken from the trunk or the extremities. Skin samples from five unaffected volunteers were also collected as controls.
For the in vitro scratch model, primary keratinocytes were isolated from two RDEB patients and two control subjects. These cells were cultured in CnT-PR from CELLnTEC and were used for the 9 9 assay with no more than six passages. The cultures were performed in a humidified atmosphere with 5% CO 2 at 37°C. The protein levels were calculated from a standard curve generated by a curve-fitting program.
Measurement of the chemokine levels in the serum samples
Scratch assay of keratinocytes from EB patients and controls
Supernatant from cultured NHEKs and EBKs was collected after confluence. Meanwhile, cultured NHEKs and EBKs after confluence on other dishes were scratched with a 200 μl pipette tip and the supernatant was collected 24 hours later. The chemokine levels of supernatants from cultured 10 10 NHEKs and EBKs with or without scratching were measured by ELISAs as described above.
Quantitative reverse transcription PCR (qRT-PCR) analysis
Total RNA was isolated from normal human epidermal keratinocytes (NHEKs) and EB keratinocytes (EBKs) with or without scratching using the RNeasy Plus Mini Kit (Qiagen, Hombrechtikon, Switzerland). RT-PCR analysis of mRNA from the chemokines and 18S rRNA was 
Immunofluorescence staining
Frozen skin sections of 5 μm in thickness were fixed in ice-cold acetone for 30 min. The sections 11 11 were then incubated for 15 min at 37°C with phosphate buffered saline containing 10% bovine serum albumin for blocking before the addition of primary antibodies for 30 min at 37°C. The Then, sections were mounted with mounting medium with propidium iodide (PI) (ImmunoBioScience Corp., Mukilteo, WA) to visualize the nuclei. Fluorescence staining was 12 12 detected using a confocal laser scanning fluorescence microscope (Fluoview FV1000, Olympus, Tokyo, Japan).
Statistical analyses
Comparisons of chemokine levels of EB patients and control subjects were performed using the student's t test. A comparison of chemokine levels and subtypes of EB was performed using the Kruskal-Wallis test with Dunnett's post test. The chemokine levels in the keratinocytes with scratching and in the controls were compared using paired t test. Differences with P < 0.05 were considered statistically significant. Microsoft Excel (Microsoft, Redmond, WA) with the add-in software Statcel2 [13] and GraphPad Prism ver. 7.00 for Windows (GraphPad Software, San Diego CA) were utilized for statistical analyses. 13 
13
Results
The profiles of the EB patients Sera from the following patients were obtained: 31 
Serum HMGB1 and CXCL12 levels are elevated whereas CCL21 levels are decreased in EB patients
We used ELISA to measure 6 chemokines: CCL19/macrophage inflammatory protein (MIP)-3β, CCL21, CCL27, CCL28, HMGB1 and CXCL12. HMGB1 levels in the sera of EB patients were found to be significantly higher than in the control subjects, as previously reported [10, 11] . The 14 14 mean ± SEM serum HMGB1 level in the EB patients and the control subjects was 13.8 ± 2.7 and 4.9 ± 1.4 ng/ml, respectively (P < 0.01; Figure 1a ). In addition, CXCL12 levels were elevated in the EB patients. The mean ± SEM serum CXCL12 level in the EB patients and the control subjects was 34.2 ± 7.3 and 3.8 ± 1.1 pg/ml, respectively (P < 0.0001; Figure 1b ).
In contrast, CCL21 levels in the sera of EB patients were significantly lower than in normal control subjects. The mean ± SEM serum CCL21 level in the EB patients and the control subjects was 123.5 ± 18.8 and 996.2 ± 270.3 pg/ml, respectively (P < 0.01; Figure 1c ).
There were no significant differences between serum levels in EB patients and control subjects with respect to CCL19, CCL27 and CCL28. The mean ± SEM serum CCL19, CCL27 and CCL28 levels in the EB patients and the control subjects were 887. Since blister depth differs by EB subtype and that difference can affect the chemokine levels, we further analyzed the controls and the DEB group separately. The results of comparison between DEB patients and controls showed similarity with the results of comparison between all subtypes of EB patients and controls (Supplementary Figure A1) . 15 
15
CXCL12 levels in the sera of EB patients are tend to increase, whereas CCL27 levels tend to decrease in accordance with the area of affected skin Next, we investigated the association between the chemokine levels and the profiles of the EB patients. There were no significant correlations between subtypes of EB and the chemokine levels, except for the HMGB1 levels (control versus all types of EB), the CXCL12 levels (control versus RDEB) and the CCL21 levels (control versus RDEB and EBS) (Figure 2a-f ). We also analyzed the relationship between serum chemokine levels and age and sex, and we found no correlations (data not shown).
Furthermore, we analyzed the relationship between the area of affected skin and the serum chemokine levels. The CXCL12 levels in the EB patients tended to increase with the increase in the affected BSA (Figure 3b ). In contrast, serum CCL27 levels tended to decrease with the increase in the affected BSA (Figure 3e ). There were no significant correlations between the affected BSA and the serum levels of HMGB1, CCL21, CCL19 or CCL28 (Figure 3a, c, d, f) . The serum chemokine levels of RDEB patients exhibited the similar trend (Supplementary Figure B1) . CCL21, CCL27, HMGB1 and CXCL12 are stained more broadly in the EB patient tissues than those in the control tissues 16 16 We then tried to detect expression of chemokine and its receptors in the EB skin, which is a potential origin of the altered circulating chemokines. Approximately half of the EB skin expressed CCL21 from the basal cells to the middle of the epidermis (EB: 10/19 specimens; control: 1/5 specimens). Both EB and control samples showed CCL27 expression in the basal cells (EB: 10/19 specimens; control: 3/5 specimens), and 1 EB sample expressed CCL27 broadly in the epidermis.
The expression of HMGB1 was limited to the upper layer above the basal cells in the control skins.
Conversely, significant numbers of EB skin expressed HMGB1 throughout the epidermis (EB: 6/19 specimens; control: 0/5 specimens). Similarly, the expression of CXCL12 was localized to the upper layer above the basal cells in the control subjects, whereas CXCL12 was detected throughout the epidermis in 2/10 of the EB skin specimens (Figure 4 , Table 2 ). Staining patterns were unrelated to EB subtypes. The expressions of CCL19, CCL28, CCR7, CCR10 and receptor for advanced glycation end-products (RAGE) were also investigated, and there were no differences between the EB skin and the control skin (data not shown). All the skin specimens showed very mild inflammatory cell infiltration. We presumed that elevated expressions of CCL21, CCL27, HMGB1 and CXCL12 in the epidermis were potential factors affecting serum concentrations of chemokines.
RDEB keratinocytes produce less HMGB1 in response to scratching than normal keratinocytes
To investigate whether injured keratinocytes express these chemokines, we performed scratch assays as an in vitro model of wound healing in confluent keratinocytes, and then we investigated the chemokine expressions by ELISA and qRT-PCR.
HMGB1 protein levels in the supernatant from cultured NHEKs with scratching were elevated relative to the controls (P < 0.05; Figure 5a ). However, HMGB1 levels in the supernatant of the EBKs of the RDEB patients showed only slight elevation after scratching. In addition, EBKs tended to express less HMGB1 than NHEKs and responded more weakly to scratch than NHEKs. CXCL12 levels showed no significant differences between supernatant with scratching and the control (Figure 5b ). The concentration of CCL19, CCL21, CCL27 and CCL28 were too low to be detected by ELISA.
qRT-PCR analysis showed that HMGB1 mRNA was expressed in the cultured NHEKs and EBKs.
However, it did not show any significant differences between NHEKs and EBKs nor between scratching and control (Figure 5c ). The mRNA expressions of CCL21 and CXCL12 were too low to be detected.
Discussion
Wound healing and tissue regeneration generally occurs in three phases: inflammation, proliferation and remodeling [14] . It is well known that numerous growth factors and cytokines, including chemokines, released from wounds play pivotal roles in coordinating the process. However, chemokine levels are influenced by many factors. As previously reported, a skin injury's etiology, e.g., burn or excision, can affect the immune response, and this response can lead to fluctuations in chemokine levels [15] . Altered chemokine levels are also seen in various skin diseases, including autoimmune blistering diseases such as bullous pemphigoid [16] [17] [18] . In this study, we focused on chemokines that are considered to play a role in recruiting the BM-derived cells to the damaged sites. The results showed that HMGB1 and CXCL12 levels in the sera of EB patients were significantly higher than in control subjects. In contrast, the levels of serum CCL21 were decreased in the EB patients. Furthermore, CCL27 and CXCL12 levels in EB patients showed a tendency to decrease or increase with an increase in the affected BSA.
We previously reported that the intradermal injection of CCL21 increased the migration of MSCs and promoted the wound-healing process in a mice model [4] . We also proved that MSCs expressed several chemokine receptors, especially CCR7, whose ligands are CCL21 and CCL19 [4] .CCL19 and CCL21 are constitutively expressed mostly in lymphocytes and control the movement of lymphocytes and 19 19 dendritic cells into lymph nodes [19] . In cases of inflammatory or infectious disorders, ectopic CCL19 and CCL21 are also produced by endothelial cells, macrophages and keratinocytes [3, [20] [21] [22] .
In our study, serum levels of CCL21 were significantly lower in the EB patients than in the control subjects. However, CCL21 expression tended to be more evident in tissue samples from the EB patients than from the control subjects. These results suggest the existence of a greater concentration gradient between the blood vessels and the skin tissue in EB patients than in the control subjects, a gradient that induces efficient MSC migration into the skin, as shown in the mechanism of lymphatic migration of dendritic cells [23] .
HMGB1 was initially reported as a pro-inflammatory cytokine in sepsis [24] . HMGB1 can be secreted by large variety of cell types when cells are severely stressed [25, 26] . It promotes the migration and proliferation of regenerative cells towards inflammation and injury sites, and the accelerated regeneration of damaged tissues, including skin [10, 27] .
The elevation of HMGB1 levels in the sera of the EB patients in our study is consistent with previous reports [10, 11] . Also, HMGB1 seemed to be expressed more broadly in the EB skin than in the control skin. However, contrary to the findings of Petrof and colleagues [11] , we did not find a correlation between HMGB1 levels and the affected BSA of EB patients. In the scratch assay, the 20 20 EBKs expressed less HMGB1 levels than that in the NHEKs in response to physical stimuli.
Although the reason for the inconsistency between our results and the results of previous reports is unclear, we assume that these differences in responsiveness to mechanical stimuli and in wound conditions, such as the extent of inflammatory cell infiltrations, might affect the concentration of circulating HMGB1. Furthermore, some underlying general conditions, such as infectious diseases or chronic inflammatory ailments (e.g., atherosclerosis or diabetes), would have influenced the fluctuations in circulating HMGB1 levels [28, 29] .
We also showed that CXCL12 levels in the sera of the EB patients were significantly higher than in those from the control subjects and tended to increase with an increase in affected BSA. As shown in HMGB1, it also seemed to be expressed more broadly in the EB skin than in the control skin. Numerous studies have demonstrated that CXCL12, which is also involved in the stress-induced recruitment of stem cells to damaged tissue, enhances bone marrow stem cells (BMSCs) migration into wounds and contributes to cutaneous tissue repair and regeneration [7, [30] [31] [32] . It is reported that the HMGB1-induced recruitment of inflammatory cells depends on CXCL12 and that HMGB1 and CXCL12 form a heterocomplex [33] . Our results lend credence to the concept that CXCL12 released from damaged skin of EB patients would make BM-derived cells promote wound healing in coordination with HMGB1. 21 21 We also measured the levels of CCL27 and CCL28, which share the same receptor, CCR10. In humans, CCL27 is expressed specifically in epidermal keratinocytes [34] . CCL27 was reported to have a strong relation with migration of BM-derived cells to damaged skin in mice experiments [3] .
CCL28 is most closely homologous to CCL27 and is expressed in a wide range of human cell types and tissues, especially in epithelial cells of the mucosa.
Our results did not show significant differences in CCL27 and CCL28 levels between EB patients and control subjects, but we did find that CCL27 had a tendency to decrease with an increase in affected BSA. This may be due to the exclusive expression of CCL27 in keratinocytes, which led to the scarce live keratinocytes in the EB patients and resulted in fewer resources of CCL27. By contrast, CXCL12 secretion from extensively damaged tissues may contribute to a propensity for increases with an increase in the affected BSA.
In conclusion, this is the first report to elucidate the alterations in chemokine levels in EB patients, other than reports addressing alterations in HMGB1. These alterations can enhance the skin homing of therapeutic stem cells. Although the precise mechanisms behind the induction of BMSCs migration to wound lesions are not fully understood, chemokines such as HMGB1, CXCL12, CCL21 and CCL27 might relate to the wound-healing process in EB patients and could be key factors contributing to the efficient application of cell therapies such as allogeneic stem cell 22 22 transplantation. 
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